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Objectives: Enhanced external counterpulsation (EECP) could improve endothelium-dependent vasodilatation of
carotid artery and restore imbalance of nitric oxide and endothein-1 in patients with coronary artery disease. Our
study was designed to test the hypothesis that long-term EECP may protect vascular endothelial cells from apo-
ptosis by modifying apoptosis-related gene expression.
Methods: Eighteen male Yorkshire pigs were randomly assigned to three groups: usual diet (Normal), high cho-
lesterol diet (HC) and high cholesterol diet plus EECP (HC + EECP). Vascular endothelial cells were isolated from
the aortic endothelium and identiﬁedbyCD31 staining andDiI-Ac-LDL reaction.Morphological changeswere ob-
served byboth scanning and transmission electronicmicroscopes. TUNEL techniquewas applied to detect the ap-
optotic index of vascular endothelial cells. Two genes, Apaf-1 and BIRC2, were chosen for exploring the potential
mechanisms of action at the molecular level.
Results: EECP brought a certain degree of alleviation from ultrastructural changes such as shrinking and blebbing
of cytomembrane, marginalization, degeneration, and fragmentation of the nucleus. EECP also signiﬁcantly re-
duced apoptotic indices while compared with that of control (177 ± 12‰ vs. 237 ± 23‰, P b 0.05). The
Apaf-1 expression at both protein and mRNA level in pigs of HC + EECP group was signiﬁcantly decreased
than those of theHCgroup (P b 0.05), whereas the BIRC2 expressionwas signiﬁcantly enhanced after EECP treat-
ment, documented by immunostaining and semi-quantitative RT-PCR analysis, respectively (P b 0.05).
Conclusions: EECP could protect vascular endothelial cells from apoptosis, thereby delaying the progression of
early atherosclerotic lesions possibly through transcriptional down-regulation of pro-apoptotic gene Apaf-1,
and up-regulation of anti-apoptotic gene BIRC2.© 2013 The Authors. Published by Elsevier Ireland Ltd. Open access under CC BY-NC-ND license. ivision of Ultrasound; The First
atory on Assisted Circulation,
u, 510080, China. Tel.: +86 20
land Ltd. Open access under CC BY-NC1. Introduction
Vascular endothelial denudation results in the deposition of low-
density lipoprotein cholesterol (LDL-cholesterol), which stimulates in
situ recruitment of leukocytes, platelets and macrophages. Foam cells
are formed when LDL-cholesterol is engulfed by macrophages, which
signiﬁes early atherosclerosis. Increased apoptosis of vascular endothe-
lial cells may contribute to the early development of dyslipidemia-
induced atherosclerosis, especially the formation of vulnerable plaque
[1]. In vitro cell-culturing studies suggested that increased shear stress
reduces endothelial apoptosis [2], but this effect has not yet been con-
ﬁrmed in vivo.-ND license. 
162 Y. Xiong et al. / International Journal of Cardiology 171 (2014) 161–168Enhanced external counterpulsation is a non-invasive pneumatic
technique with well-documented therapeutic value for the manage-
ment of patients with atherosclerotic ischemic cerebro-cardiovascular
diseases [3]. Studies showed that EECP signiﬁcantly increases ﬂow
shear stress to vascular endothelial cells, which in turn modiﬁes the ex-
pression of several endothelium-related factors, and subsequently in-
hibits endothelial proliferation, improves vascular remodeling, and
consequently improves and protects the integrity of vascular endotheli-
um in porcinemodel of hypercholesterolemia and promotesmyocardial
angiogenesis in model of myocardial infarction [4–7]. However, the un-
derlyingmechanisms of beneﬁts, particularly themolecular basis and its
signal pathway, still remain partially known.
In the present study, the effect of EECP on endothelial apoptosis and
expression of apoptosis-associated genes were explored on a porcine
model of hypercholesterolemia.
2. Methods
2.1. Establishment of porcine model of hypercholesterolemia
Eighteen male Yorkshire (male) and Landrance (female) crossbred pigs (Swine Plant
of South China University, Guangzhou, China) were randomly assigned into three groups:
normal diet and high-cholesterol diet with or without EECP intervention. This study was
approved by the Animal Research Facility of Sun Yat-sen University and conformed to
theGuide for the Care and Use of Laboratory Animals published by theUSNational Institutes
of Health (NIH publication No. 85-23, revised in 1996). Six pigs were fed with normal diet
(Normal group: n = 6, body weight 8.2 ± 1.2 kg) over the period of study of 15 weeks.
Twelve pigs were fed with high-cholesterol atherogenic diet containing 4% cholesterol,
10% yolk powder, 8% lard, and 1.2% salts for 15 weeks. After 8 weeks of high-cholesterol
feeding, while still on the atherogenic diet, six hypercholesterolemic pigs (HC + EECP
group, 8.3 ± 1.1 kg) were subjected to EECP intervention. The remaining six pigs served
as hypercholesterolemic control (HC group, body weight 8.0 ± 1.3 kg). All animals
were anesthetized with midazolam 5 to 10 mg IM and 3% pentobarbital 10 mg/kg per
hour IV infusion. Blood samples were collected at weeks 0, 8 (Pre-EECP), 12 (During-
EECP), and 15 (Post-EECP) of study for the measurement of lipid proﬁles (Hitachi 7170A
Tokyo, Japan). At week 15, all pigs were killed with an overdose injection of 10% potassi-
um chloride into the hearts.
2.2. EECP protocol
Animals in the HC + EECP group were given a total of 36-h EECP treatment, which
consists of a 2-h session every other day over a 7-week period, resembling the standard
clinical EECP protocol. As previously described [6], EECP (model: EECP-MC2, Guangzhou,
China) was performed by laying the pigs on their left side and wrapping 2 sets of cuffs
modiﬁed to closelyﬁt the lower extremities and hips of the pig. The cuffswere sequential-
ly inﬂatedwith compressed air fromdistal to proximal in early diastole and simultaneous-
ly deﬂated right before systole. Effective hemodynamic index of EECP was indicated by
achieving a diastolic-to-systolic ratio N1.2 with the use of plethysmographic technique.
2.3. Harvestment of aortic artery and isolation of aortic vascular endothelial cells
At the completion of the study, animals were euthanized by intraventricular injection
of 10% potassium chloride, and the whole aortic artery was promptly harvested from aor-
tic arch to the bifurcation of iliac arteries. The aorta was quickly lavaged with PBS buffer,
and cross-sectioned into two parts at the level of the oriﬁce of renal artery. The distal seg-
ment was subjected to Sudan III staining (as will be described later). The proximal seg-
ment was then digested by 0.2% type-I collagenase (Sigma) for 8 min and then
centrifuged in 4 °C for the collection of endothelial cells. Half of the collected aortic endo-
thelial cells (ECs) were ﬁxed with 40 mL/L polyformaldehyde for 24 h, and then trans-
ferred to 30 g/L agarose for dehydration and parafﬁn embedment. The remaining
collected ECs were applied for total RNA isolation following the TriZol (Invitrogen) proto-
col and then stored in−70 °C freezer for further studies.
2.4. Identiﬁcation of isolated aortic endothelial cells [8]
To identify the property of isolated aortic endothelial cells, collected cells were em-
bedded in parafﬁn, sectioned into 4 μm slices, then dewaxed, hydrated, and treated with
3% hydrogen peroxide. Then mouse polyclonal CD31 antibody (at 1:100 dilution; Boster
Biological Technology, Inc, Wuhan, China) was applied and incubated at 37 °C for 1 h,
then stained with SABC, enhanced by DAB, dehydrated in a graded ethanol series, and
followed by dimethylbenzene treatment to improve transparency, and ﬁnally mounted
with neutral gum. In addition, DiI-Ac-LDL protocolwas also conducted for the further con-
ﬁrmation of endothelial characteristics [9]. Brieﬂy, isolated cells were treatedwith DiI-Ac-
LDL (1 μg/μL), incubated for 4 h, and then subjected to ﬂuoroscopic analysis. Cellswith red
ﬂuorescence were identiﬁed as viable aortic endothelial cells. Positive staining cells were
subjected to the image processing and expressed as the percentage (%) of number of pos-
itive cells over the total cells in the high-power ﬁeld.2.5. Macroscopic study of lipid deposition in aorta
The distal segment of aorta was longitudinally incised and ﬁxed in 10% neutral form-
aldehyde for 48 h, then stained with Sudan III to examine the endovascular lipid deposi-
tion. Fatty streak and atherosclerotic plaque were photographed and analyzed with
Zeiss-KONTRON IBAS 2.0 Image Processing System for the quantitative analysis of
Sudan-III-positive area over the total area of the vascular endothelium.
2.6. Electronic microscopic study of aortic endothelium
Two 0.5 cm × 0.5 cmmini-segments of ascending aorta were excised and dealt with
iced PBS buffer, and then ﬁxed in 2.5% glutaraldehyde for both electronic microscopic
scanning (JSM-6330 F SEM, JEOL Inc., Japan) and electronic microscopic transmission
analysis (H- 600 TEM, Hitachi Inc., Japan).
2.7. Investigation of aortic endothelial cell apoptosis
Each sample of parafﬁn-embedded aortic endothelial cells (ECs) was sectioned in
4 μm segments. One segment was randomly subjected to TUNEL study (in situ end label-
ing detection of endothelial apoptosis, TUNEL Kit from ROCHE, Germany) and analyzed by
high-power microscope. Positive stained endothelial cells in every 100 endothelial cells in
each high-power ﬁeld were counted in 10 random high-power ﬁelds. The apoptotic index
was calculated as the number of positively stained cells over 1000 endothelial cells.
2.8. Immunocytochemical study
As described earlier, serial parafﬁn-embedded cross sections of ECswere also subject-
ed to immunostaining according to the streptavidin–biotin complex immunohistochemi-
cal technique. Sections were incubated with rabbit monoclonal Cleaved Caspase-3
antibody (at 1:400 dilution; Cell Signaling Technology, Inc. Danvers, MA, USA), rabbit
polyclonal Apaf1 antibody (at 1:200 dilution; Labvision Corp, Fremont, CA, USA) and
goat polyclonal BIRC2 antibody (at 1:200 dilution; R&D Systems Inc, Minneapolis, MN,
USA). Controls in the absence of primary antibodies were also performed. By taking the
similar measurement of the apoptotic index, the number of Cleaved Caspase-3, Apaf1-
positive and BIRC2-positive cells in every 100 endothelial cells in each high-power ﬁeld
were counted and added up to be divided by 1000. The quotient was then deﬁned as
the respective positive rate.
2.9. Semi-quantitative RT-PCR analysis
Total mRNA was isolated from collected endothelial cells of proximal portion of aorta
and then subjected to reverse transcription by the use of RNA PCR-Kit (Sangon Inc. Shang-
hai, China).While cDNAwas synthesized, 3 μL of the cDNAwas used for polymerase chain
reaction (PCR), with ACB (β-actin) as internal control. The primer sequences of different
genes are shown as follows: Caspase-3-upstream: 5′-AAT,GCA,GTT,AAG,TCA,TCC,GTG,T-
3′; downstream: 5′-TAG,TTT,GTA,TGC,CAA,GTG,AGA,A-3′; product size: 418 bp. BIRC2-
upstream: 5′-GTT,AAA,TCT,GCC,TTG,GAA,ATG,G-3′; downstream: 5′-CTC,GCT,TGT,AAA,
GGT,ATC,TGT,G-3′; product size: 335 bp. Apaf1-upstream: 5′-TCC,TGC,TCC,CTC,TTG,TTT,
CTT,A-3′; downstream: 5′-AAA,TAG,GTT,GGC,TGG,AAG,GTT,A-3′; product size: 331 bp.
ACB-upstream: 5′-GCT,GTC,ACC,TTC,ACC,GTT,C-3′; downstream: 5′-GTG,GAC,ATC,CGC,
AAA,GAC-3′; product size: 447 bp. All primers were synthesized by Chipscreen Ltd.
Shenzhen, China. The reaction conditions are 95 °C denaturation for 2 min; the following
is the cycle for a total of 23 cycles: 95 °C for 15 s, 55 °C for 15 s, 72 °C 30 s, and at last
72 °C extension for 5 min. Five microliters of the ﬁnal product was sampled for 1.5%
agarose-gel electrophoresis and then scanned by gel image system. Densitometry was
performed for semi-quantitative analysis of the above genes by comparing with internal
control of ACB.
3. Statistical analysis
Data are presented asmean ± SDunless indicated otherwise.When
homogeneity of variance was conﬁrmed by the Levene variance homo-
geneity test, statistical comparison among three groups was performed
by one-way ANOVA. If the F test results were b0.05, post hoc compari-
sons were performed with the Bonferroni test. A value of P b 0.05 was
considered statistically signiﬁcant. SPSS 13.0 software was used for all
statistical analyses.
4. Results
4.1. Changes in body weight and blood lipid proﬁles
There was no signiﬁcant difference of body weight among three
groups at baselines, pre-EECP, during EECP and post-EECP treatment.
Serum levels of total cholesterol (Chol) and low-density lipoprotein
(LDL) among groups were similar at baselines, but signiﬁcantly
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ful establishment of a porcine model of hypercholesterolemia through
high-cholesterol diet (data shown in Fig. 1).
4.2. Atherosclerotic lesions in abdominal aortic endothelium
Animals of HC and HC + EECP groups demonstrated positive stain-
ing of Sudan III dye while compared with that of Control. More athero-
sclerotic lesions and lipid deposition were observed at locations of
bifurcation (percentage of positive Sudan III staining area: 9.48% ±
2.28% in the HC group, 6.53% ± 0.81% in the HC + EECP group vs.
1.66% ± 0.18% in the Normal group, P b 0.05). EECP treatment signiﬁ-
cantly attenuated aortic atherosclerotic damage documented by quanti-
tative imaging analysis (percentage of positive Sudan III staining area:
6.53% ± 0.81% in the HC + EECP group vs. 9.48% ± 2.28% in the HC
group, P b 0.05).
4.3. Characteristics of isolated aortic endothelial cells
As previously described, isolated aortic endothelial cells were pre-
pared and identiﬁed by CD31 immunocytochemical staining [8]. The
positive CD31 staining cells consisted of 96%of total cellswhen analyzed
by image processing system. Furthermore, cells with positive DiI-Ac-
LDL reaction, identiﬁed as viable vascular endothelial cells, accounted
for 95% of total cells (Fig. 2).
4.4. Impact of EECP on the apoptosis of aortic endothelial cells
4.4.1. Electron microscopic study
Scanning electron microscopy showed the orderly array of abdomi-
nal aortic endothelial cells in the Normal group, and also the complete
surface integrity of the cells. The endothelial cells had intact cytomem-
brane and were fusiform in shape, indicative of consistency with
blood ﬂow direction (Fig. 3A). However, in animals of the HC group, it
is observable that the endothelial cells were disorderly distributed and
noticeably exfoliated, with signiﬁcant shrinkage of cytomembrane andFig. 1. Changes of blood lipid proﬁles in three groups. Levels of serum total cholesterone (Chol)
Blue, red and green bars represent theNormal group, HC group and HC + EECP group respectiv
baseline). Week 8, week 12 andweek 15 represent the time points of initiation (pre-EECP), mid
group respectively. Serum levels of total cholesterol and low-density lipoprotein among groupsw
after 8 weeks of cholesterol-rich diet feeding compared with the Normal group fedwith norma
were expressed as mean ± SD; #P b 0.05 compared to the Normal group; *P b 0.05 comparedsubsequently cell volume,which is characteristic of cells undergoing ap-
optosis (Fig. 3B). After EECP treatment, the HC + EECP group exhibited
a certain degree of alleviation from the above morphological changes
(Fig. 3C). Fig. 3D and 3E showed the typical normal and shrinking apo-
ptotic endothelial cells under scanning electronmicroscopy. According-
ly, under transmission electron microscopy, EECP was also shown to
prevent apoptosis of vascular endothelial cells by reducing shrinking
and blebbing of cytomembrane, marginalization, degeneration, and
fragmentation of the nucleus compared with the animals of group HC,
whereas there was no obvious endothelial cell damage in pigs fed by
normal diet. Fig. 3F, 3G, 3H, and 3I represented normal epithelial cells
and apoptotic endothelial cells at early stage, mid-stage and late stage
respectively, while Fig. 3J revealed typical apoptotic bodies of a shrink-
ing endothelial cell (Fig. 3).
4.4.2. TUNEL study
The morphological features of apoptotic endothelial cells based on
TUNEL technique were shrinkage in cell volume and an amber-colored
cell nucleus. Positively stained aortic endothelial cells per 100 endothe-
lial cells in each high-power ﬁeld (400×) were counted in 10 random
high-power ﬁelds. The apoptotic index (AI) was then calculated as
the number of total positively stained cells over 1000. The apoptotic
indices in Normal, HC and HC + EECP groups were (127 ± 36)‰,
(237 ± 23)‰, and (177 ± 12)‰, respectively. The AIs of HC group and
HC + EECP group were signiﬁcantly higher than that of the Normal
group (P b 0.01), whereas the HC + EECP group had signiﬁcantly lower
AI than HC group (P b 0.05), as shown in Fig. 4.
4.4.3. mRNA expression and bioactivity assessment of Caspase-3 in aorta
endothelial cells
Caspase-3, as a critical executioner of apoptosis, is responsible for
proteolytic cleavage of many key proteins in apoptosis. The mRNA ex-
pression level and bioactivity assessment of Caspase-3 in vascular endo-
thelial cells of Normal, HC and HC + EECP groups were shown in Fig. 5.
The mRNA expression of Caspase-3 gene in aortic endothelial cells sig-
niﬁcantly increased in animals of HC and HC + EECP groups comparedand low-density lipoprotein (LDL) were recorded in three groups at different time points.
ely.Week 0means baseline situation before they received a different diet feeding (week 0,
-stage (during-EECP) and termination of EECP (post-EECP) performed on the HC + EECP
ere similar at baselines, but signiﬁcantly increased in animals of groupHC andHC + EECP
l diet, indicating a successful development of porcinemodel of hypercholesterolemia. Data
with group HC.
Fig. 2. Isolation and identiﬁcation of vascular endothelial cells from the aortic endothelium with collagenase. Representative photomicrographs (×400) of isolated cells treated
histocytochemically with CD31 antibody and incubated with DiI-Ac-LDL. Cells with cytomembrane and cytoplasmic staining of amber color indicate vascular endothelial cells (black
arrow), and cells with red ﬂuorescence were identiﬁed as viable vascular endothelial cells (white arrow), which consisted of the majority of total treated cells, indicating a successful en-
dothelial cell isolation from aortic endothelium.
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Caspase-3 mRNA expression compared with animals without EECP
(1.35 ± 0.17 and 1.83 ± 0.06, P b 0.05). Cleaved Caspase-3 in cyto-
plasm is both its activated form and a biochemical marker indicating
execution of apoptosis. The same as in TUNEL, positively immunocyto-
chemically stained aortic endothelial cells per 100 endothelial cells in
each ﬁeld (200×) were counted in 10 random ﬁelds. The positiveFig. 3. Effect of EECP on morphology of the endothelial cells in three groups observed under SE
served by SEM. As presented by SEM (×1000), the orderly array and complete surface integrit
cells had intact cytomembrane andwere fusiform in shape, indicative of well consistencywith b
ably exfoliated, with signiﬁcant shrinkage of cytomembrane and subsequently cell volume, cha
brought a certain degree of alleviation from the above ultrastructural changes. (D) Normal ECs
ECs undergoing apoptosismanifested signiﬁcant shrinkage of cytomembrane and subsequently
grees of shrinking and blebbing of cytomembrane, marginalization, degeneration, and fragmen
terolemia; compared with the integral cytomembrane and loosely puffed chromatin as seen in
fragmentation of nucleus. (E, F, G and H) Representative micrographs of the normal and apop
at mid-stage. (H) Apoptotic ECs at late stage. (I) Apoptotic bodies. Compared with the integral
optotic endothelial cells showed shrinking and blebbing of cytomembrane;marginalization, deg
( as shown in J). SEM: scanning electronic microscopy; TEM: transmission electronic microscoindex (PI), taken as a bioactivitymarker of Caspase-3, was then calculat-
ed as the number of total positively stained cells over 1000. The PI in
Normal, HC and HC + EECP groups were (75 ± 16) ‰, (142 ± 25)
‰, and (106 ± 28)‰, respectively. The expression of Cleaved
Caspase-3 of vascular endothelial cells in HC and HC + EECP groups
was signiﬁcantly higher than that of the Normal group (P b 0.01), and
Cleaved Caspase-3 expression was also inhibited by EECP treatmentM and TEM. Representativemicrographs of endothelium in three groups were directly ob-
y of abdominal aortic endothelial cells appeared in the Normal group. (A) The endothelial
lood ﬂowdirection. (B)However, endothelial cells were disorderly distributed and notice-
racteristic of cells undergoing apoptosis in animals of the HC group. (C) EECP intervention
and (E) apoptotic ECs seen under SEM showed characteristics of micrographs (×3000) of
cell volume. Correspondingly, under TEM (×5000), endothelial cells presented certain de-
tation of the nucleus, and even formation of apoptotic bodies in animals with hypercholes-
normal endothelial cells, EECP alleviated endothelial apoptosis by less degeneration and
totic ECs under TEM. (E) Normal ECs. (F) Apoptotic ECs at early stage. (G) Apoptotic ECs
cytomembrane as well as loosely puffed chromatin as seen in normal endothelial cells, ap-
eneration, and fragmentation of the nucleus; and eventually formation of apoptotic bodies
py.
Fig. 4. Investigation of apoptotic isolated aortic endothelial cells by TUNEL technique. Representative immunocytochemical photomicrographs (×400) of apoptotic vascular endothelial
cells (arrow indicates apoptotic endothelial cell with brown-stained nucleus documented by TUNEL technique) in three groups (as shown in A, B and C). Quantitative analysis of endo-
thelial cell apoptosis was made by comparing apoptosis indices (AI) in endothelial cells. The AIs of group HC and HC + EECP were signiﬁcantly higher than that of Normal (#P b 0.05),
whereas animals of the HC + EECP group had signiﬁcantly lower AI than that of HC group (*P b 0.05). Data were expressed as mean ± SD; #P b 0.05 compared to Normal; *P b 0.05
compared with group HC.
165Y. Xiong et al. / International Journal of Cardiology 171 (2014) 161–168(106 ± 28‰ in HC + EECP vs. 142 ± 25‰ in HC, P b 0.05). Pearson
correlation analysis revealed a positive correlation of Cleaved Caspase-
3 expression and apoptotic index of endothelial cells (r = 0.763,Fig. 5. Investigation of bioactivity of Caspase-3 with immunocytostaining of Cleaved Caspase-3
resentative immunocytochemical photomicrographs (×400) of Cleaved Caspase-3 stained-pos
arrow in A, B and C, top). Quantitative analysis of its bioactivity was made by comparing positi
higher than that of Normal (#P b 0.05), whereas animals of theHC + EECP group had signiﬁcan
RT-PCR products of Caspase-3 genes were presented (bottom) and quantitatively analyzed by c
was increased signiﬁcantly in HC group, but EECP could signiﬁcantly attenuate its expression.
with group HC.P b 0.01). Furthermore, positive staining rate of Cleaved Caspase-3 by
immunostaining was positively correlated with its relative mRNA ex-
pression (Pearson correlation; r = 0.652, P b 0.01).and transcriptional expression level of Caspase-3 in isolated aortic endothelial cells. Rep-
itive aorta endothelial cells indicating apoptosis tendency in three groups (as indicated by
ve indices (PI) in endothelial cells. The PIs of group HC and HC + EECP were signiﬁcantly
tly lower PI than that of theHC group (*P b 0.05). Representative electrophoresis bands of
omparingwith the internal standard β-actin. RelativemRNA expression of Caspase-3 gene
Data were expressed as mean ± SD; #P b 0.05 compared to Normal; *P b 0.05 compared
166 Y. Xiong et al. / International Journal of Cardiology 171 (2014) 161–1684.5. Effect of EECP on apoptosis-modulating gene expression
4.5.1. Immunocytochemical study
The positive expressions of the Apaf-1 gene in HC and HC + EECP
groups were signiﬁcantly higher than that of the Normal group
(293 ± 12‰ in HC, 249 ± 11‰ in HC + EECP vs.168 ± 30‰ in Nor-
mal group, P b 0.01), and Apaf-1 expression was also inhibited by
EECP treatment (249 ± 11‰ in HC + EECP vs. 293 ± 12‰ in HC,
P b 0.05), as documented by immunocytochemical staining (Fig. 6, left
panel). Pearson correlation analysis revealed a positive correlation of
Apaf-1 expression and apoptic index of endothelial cells (r = 0.877,
P b 0.01). On the contrary, positive staining rate of BIRC2 was signiﬁ-
cantly lower in animals of the HC and HC + EECP groups compared
with that of the Normal control (131 ± 17‰ in HC, 213 ± 10‰ in
HC + EECP vs. 270 ± 16‰ in Normal group, P b 0.01); the decreased
BIRC2 expression was then signiﬁcantly restored in pigs treated by
EECP (213 ± 10‰ in HC + EECP vs. 131 ± 17‰ in HC, P b 0.05)
(Fig. 6, middle panel). Pearson correlation analysis revealed a negative
correlation between BIRC2 expression and the apoptotic index of endo-
thelial cells (r = −0.888, P b 0.01).
4.5.2. Semi-quantitative study of apoptosis-modulating gene expression
The mRNA expression of Apaf-1 and BIRC2 genes in animals of the
Normal, HC and HC + EECP groups were shown as Fig. 7. The mRNA
expression of Apaf-1 gene of aortic endothelial cells signiﬁcantly in-
creased in animals of the HC and HC + EECP groups compared to the
Normal group (1.79 ± 0.19 in HC, 1.16 ± 0.20 in HC + EECP vs.
0.57 ± 0.13 in Normal group, P b 0.05). EECP could down-regulate
Apaf-1mRNA expression compared with animals without EECP
(1.16 ± 0.20 in HC + EECP vs. 1.79 ± 0.19 in HC, P b 0.05). On theFig. 6. Positive immunostaining of Apaf-1 and BIRC2 in isolated aortic endothelial cells (as indic
and BIRC2 in isolated aortic endothelial cells were shown above and quantitative analysis of Ap
remarkably in the HC group but signiﬁcantly declined after EECP treatment (bar graph, top). Ho
were expressed as mean ± SD; #P b 0.05 compared to Normal; *P b 0.05 compared with groucontrary, BIRC2 mRNA expression was down-regulated in animals with
hypercholesterolemia (0.75 ± 0.11 in HC, 1.29 ± 0.19 in HC + EECP
vs. 2.55 ± 0.28 in Normal group, P b 0.05); however, it could be restored
by EECP treatment (1.29 ± 0.19 in HC + EECP vs. 0.75 ± 0.11 in HC,
P b 0.05). Furthermore, the positive staining rate of Apaf-1 by immuno-
staining was positively correlated with its relative mRNA expression
(Pearson correlation; r = 0.868, P b 0.01), whereas the positive staining
rate of BIRC2was also positively correlatedwith its relativemRNAexpres-
sion (Pearson correlation; r = 0.912, P b 0.01) (Fig. 7).
5. Discussion
In this study, we successfully established a porcine model of hyper-
cholesterolemia by feeding animals with a high-cholesterol diet, and
veriﬁed that hypercholesterolemia could stimulate apoptosis of vascu-
lar endothelial cells, and subsequently inﬂict damage to the structural
and functional integrity of vascular endotheliumbyusing scanning elec-
tron microscopy, transmission electron microscopy, quantitative analy-
sis of endothelial cell apoptosis based on TUNEL technique and
assessment of Caspase-3 activity with Cleaved Caspase expression.
Long-term EECP could prevent aortic endothelial cells from apoptosis
through modulating apoptosis-related gene expression of Apaf1 and
BIRC2 in hypercholesterolemic porcine model.
According to the “injury-response theory” of atherosclerotic patho-
genesis, apoptosis of vascular endothelial cells is the “triggering” event
in the cascade of atherosclerosis [10]. In response to the endothelial in-
jury, leukocytes, platelets and macrophages are recruited to the site of
injury. The macrophages will then engulf the deposited low-density li-
poprotein cholesterol and further form foam cells. Therefore, the vascu-
lar endothelial cell apoptosis has become one of the research prioritiesated by arrow). Representative immunocytochemical photomicrographs (×400) of Apaf-1
af-1 and BIRC2 expression wasmade. The protein expression of Apaf-1 genewas increased
wever, the BIRC2 expression was signiﬁcantly restored by EECP (bar graph, bottom). Data
p HC.
Fig. 7. Transcriptional expression of Apaf-1 and BIRC2 genes in isolated aortic endothelial cells. Representative electrophoresis bands of RT-PCR products of both genes Apaf-1 and BIRC2
were presented (top) and quantitatively analyzed by comparing with the internal standard β-actin (bottom). Relative mRNA expression of Apaf-1gene was increased signiﬁcantly in the
HC group but declined after EECP. However, mRNA expression of BIRC2 gene was decreased remarkably in the HC group; EECP could signiﬁcantly restore its expression. Data were
expressed as mean ± SD; #P b 0.05 compared to Normal; *P b 0.05 compared with group HC.
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therapeutic targets [1].
As described earlier, EECP utilizes ECG-gated sequential inﬂation of
cuffs wrapped around the lower extremities and buttocks at diastole
to improve diastolic ﬁlling pressure as well as perfusion to the coro-
naries, and also increase vascular shear stress which results in improve-
ment of vascular endothelial function [6,11]. Studies have also
documented the non-invasive therapeutic effect of EECP in themanage-
ment of atherosclerotic diseases, especially coronary artery disease
[11,12]. However, little is known about the molecular mechanisms
and cellular transductions of EECP with regard to its endothelium-
protective beneﬁt. Tao et al. [7] demonstrated that EECPmight partially
improve impaired endothelium-dependent vasorelaxation in pigs with
hypercholesterolemia, suggesting that the restoration of endothelial
function might at least in part contribute to the beneﬁts of EECP treat-
ment in clinical practice. Akhtar et al. [13] have also examined the ef-
fects of EECP on plasma nitric oxide and endothelin-1 (ET-1) levels in
patients with stable angina pectoris. After 36 h of EECP, there was a
62 ± 17% increase in plasma NO compared with baseline (43.6 ± 4.3
vs. 27.1 ± 2.6 μmol/L, P b 0.0001) and a 36 ± 8% decrease in plasma
ET-1 (76.7 ± 9.5 vs. 119.5 ± 8.5 pg/L, P b 0.0001), providing neuro-
hormonal evidence to support the hypothesis that EECP improves endo-
thelial function. As previously proved by in vitro studies, increase in
shear stress is associated with a fusiform distribution of vascular endo-
thelial cells along the blood ﬂow, which further counteracts the ballistic
injury of blood ﬂow and enhances the self-repairing properties of endo-
thelial cells, and in turn inhibits endothelial cell apoptosis [2]. To further
explore the molecular basis of EECP beneﬁts, Chen et al. [14] conﬁrmed
the impact of EECP on expression of several apoptosis-related genes in a
porcine model of hypercholesterolemia with the use of protein chip
technologies, and found that those genes were related to repair of dam-
aged endothelial cells, lipidmodiﬁcation, cell apoptosis, aswell as cellu-
lar signal pathways. Therefore, we presumed that inhibition of vascular
endothelial apoptosis might be one of the underlying mechanisms of
long-term EECP treatment.
In the present study, we simulated the clinical standard treat-
ment protocol of EECP, i.e. a 36-h treatment, in porcinemodel of hyper-
cholesterolemia, and investigated the morphology of aortic vascularendothelial cells using both scanning and transmission electronmicros-
copy. Transmission electron microscopy revealed the development of
endothelial cell apoptosis, in terms of gradual progression of nuclear
chromatinmarginalization, degeneration, and fragmentation, and ﬁnally
formation of apoptotic bodies after being fed by high cholesterol diet.
EECP treatment could prevent aortic endothelial cells from the develop-
ment of apoptosis. We also applied TUNEL technique to quantitatively
analyze apoptosis-related DNA (based on apoptotic index calculation)
and investigated apoptosis-executive Cleaved Caspase-3 expression in
cytoplasm, and demonstrated that EECP could improve endothelial dam-
age due to hypercholesterolemia via inhibition of vascular endothelial
cell apoptosis. This is presumably one of the mechanisms through
which long-term EECP alleviates or even reverses the process of
atherosclerosis.
Our previous research has found enhanced genetic expression of
BIRC2 and decreased Apaf-1 RT-PCR level between the HC + EECP
and HC groups by gene chips studies. Therefore, in order to further elu-
cidate the molecular mechanisms of EECP with regard to its inhibitory
effect on vascular endothelial cell apoptosis, expressions of BIRC2 and
Apaf-1 genes were investigated and compared before and after
EECP treatment. Caspase activation is the pivotal element in the sig-
nal pathway of apoptosis, modulated by a variety of proteins within
the cell, including the Bcl-2 and HSP family proteins, as well as the
Caspase inhibitors [15]. Inhibitor of apoptosis protein (IAP) exerts a
negative regulation on the activation and bioactivity of Caspase cas-
cades [16,17]. BIRC2 is a member of the IAP family. When subjected
to high shear stress in vitro, the apoptosis rate of cultured vascular
endothelial cells was signiﬁcantly lower, which was later found to
be associated with an up-regulation of BIRC2 transcription as well
as increased stability of BIRC2, and thus a diminished bioactivity of
CASPASE, resulting in a ﬁnal inhibition of cell apoptosis [18,19]. We
therefore hypothesized that EECP might enhance BIRC2 expression
of vascular endothelial cells, suppress CASPASE bioactivity, and con-
sequently bring forth an anti-apoptotic effect through an increase of
endothelial shear stress. The present in vivo study documented an
increase in the BIRC2 mRNA transcription by using the techniques
of immunocytochemical staining and RT-PCR, indicating that up-
regulation of BIRC2 gene could be an underlying molecular
168 Y. Xiong et al. / International Journal of Cardiology 171 (2014) 161–168mechanism of the inhibitory effect of EECP on vascular endothelial
cell apoptosis.
On the other hand, apoptotic protease activating factor 1 (Apaf-1) is
a CED-4 analogue with a 130 kDamolecular weight. Contrary to the ef-
fect of BIRC2 on CASPASE, Apaf-1 is the key element of apoptosome for-
mation in mitochondrial apoptosis. Apaf-1 is considered to be a direct
apoptosis activator, which enhances Caspase activation and subse-
quently induces cell apoptosis via sophisticated intracellular regulatory
pathways. In the development of atherosclerosis, various apoptosis-
inducing factors, including ox-LDL, ROS, ATα, TNF-α and IL-6 and so
forth, attack vascular endothelial cells intrinsically, via decrease inmito-
chondria transmembrane potential (≥Ψm) and release of cytochrome
C, which then leads to apoptosome formation, and as a result CASPASE
3 activation; or extrinsically, via activation of Caspase-8, which then ac-
tivates Caspase-3, or crosstalk into mitochondria-dependent apoptosis.
Caspase-3 then initiates the Caspase cascade, which results in cell apo-
ptosis. Therefore, Apaf-1 is crucially important in the Caspase cascade
[16,20,21]. We observed a down-regulation of Apaf-1 gene at both
mRNA and protein level after EECP treatment, suggesting a possible in-
volvement of anti-apoptotic effect on the vascular endothelial cells in-
duced by EECP.
In summary, our study demonstrated that EECP could protect vascu-
lar endothelial cells from apoptosis via up-regulation of BIRC2 gene and
down-regulation of Apaf-1 gene, in turn to suppress activation of Cas-
pase cascades. However, in terms of study limitations, a relatively
small sample size as well as limited amount of isolated endothelial
cells (approximately 106–108) could not permit us to resort to other ad-
vanced techniques such as ﬂow cytometry, or direct assessment of Cas-
pase activity or DNA fragments. Therefore, a more prudent selection of
methodologies in future studies is of our primary concern. In addition,
concerning the increase of EECP-induced shear stress for apoptotic en-
dothelial cells, further investigation of the intracellular and extracellular
pathways for signal transduction is deﬁnitely warranted.
6. Summary
EECP was applied to Yorkshire pigs with hypercholesterolemia for
36 h. As results, EECP brought a certain degree of alleviation of ultra-
structural changes and signiﬁcant reduction of endothelial apoptosis,
with a combination of decreased Apaf-1 gene expression and enhanced
BIRC2 gene expression. This study demonstrated that long-term EECP
may protect vascular endothelial cells from apoptosis by modifying
apoptosis-related gene expression.
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